The Satellite Laser Ranging (SLR) network struggles with some major limitations including an inhomogeneous global station distribution and uneven performance of SLR sites. The International Laser Ranging Service (ILRS) prepares the time-variable list of the most well-performing stations denoted as 'core sites' and recommends using them for the terrestrial reference frame (TRF) datum realization in SLR processing. Here, we check how different approaches of the TRF datum realization using minimum constraint conditions (MCs) and the selection of datum-defining stations affect the estimated SLR station coordinates, the terrestrial scale, Earth rotation parameters (ERPs), and geocenter coordinates (GCC). The analyses are based on the processing of the SLR observations to LAGEOS-1/-2 collected between 2010 and 2018. We show that it is essential to reject outlying stations from the reference frame realization to maintain a high quality of SLR-based products. We test station selection criteria based on the Helmert transformation of the network w.r.t. the a priori SLRF2014 coordinates to reject misbehaving stations from the list of datum-defining stations. The 25 mm threshold is optimal to eliminate the epoch-wise temporal deviations and to provide a proper number of datum-defining stations. According to the station selection algorithm, we found that some of the stations that are not included in the list of ILRS core sites could be taken into account as potential core stations in the TRF datum realization. When using a robust station selection for the datum definition, we can improve the station coordinate repeatability by 8%, 4%, and 6%, for the North, East and Up components, respectively. The global distribution of datum-defining stations is also crucial for the estimation of ERPs and GCC. When excluding just two core stations from the SLR network, the amplitude of the annual signal in the GCC estimates is changed by up to 2.2 mm, and the noise of the estimated pole coordinates is substantially increased.
Introduction
The Satellite Laser Ranging (SLR) observations to LAGEOS-1 and LAGEOS-2 allow estimating precise positions and motions of SLR stations (Zelensky et al. 2014; Altamimi et al. 2016) , tidal displacements (Bock et al. 2005; Sośnica et al. 2013; Bury et al. 2019b ), Earth orientation parameters (EOPs) (Pavlis 1994; Glaser et al. 2015) , the terrestrial scale (Bloßfeld et al. 2014) , and time-variable Earth's gravity field (Bloßfeld et al. 2015; Sośnica et al. 2015 ) is based on the observations to the two LAser GEOdynamics Satellites (LAGEOS) and two Etalons; however, the number of SLR observations to LAGEOS is more than ten times larger than those to Etalons (Appleby et al. 2016) . Therefore, the relevance of Etalon-1/-2 data is thus marginal. The contribution of other geodetic satellites, such as Starlette, Stella, and Ajisai Sośnica 2014; Bloßfeld et al. 2018) , active low Earth-orbiting satellites (Arnold et al. 2018; Guo et al. 2018; Hellerschmied et al. 2018; Strugarek et al. 2019) , as well as the constellation of Global Navigation Satellite Systems (GNSS) (Thaller et al. 2011; Zajdel et al. 2017; Sośnica et al. 2018 Sośnica et al. , 2019 is still being investigated by many researchers. SLR integrates the three major pillars of the Global Geodetic Observing System (GGOS) (Plag and Pearlman 2009), i.e., the Earth gravity field, Earth rotation, and Earth geometry in one common adjustment (Bloßfeld et al. 2015) . However, the quality of the SLR-based global geodetic parameters is uniquely associated with the network configuration, thus to the distribution of SLR observations, and the approach of the geodetic datum definition (Collilieux and Altamimi 2009; Otsubo et al. 2016) .
In this paper, we analyze differences in station coordinates, the scale of the realized terrestrial reference frame (TRF), Earth rotation parameters (ERPs), and geocenter coordinates (GCC) derived from laser ranging observations to LAGEOS-1 and LAGEOS-2 (Pearlman et al. 2019 ), resulting from different strategies of TRF realization and datum site selection.
SLR network status
The spatial coverage of the stations is essential for the usefulness of the realized ITRF to the specific purposes in geoscience (Blewitt 2015) . The geometry of the global SLR network is inhomogeneous (see Fig. 1 ) due to many economic and technical reasons. Over recent decades, the International Laser Ranging Service (ILRS) (Pearlman et al. 2002) community put a lot of effort in the expansion and development to fill up the gaps in the SLR network. In particular, the number of SLR sites has increased in the Russian territory and the southern hemisphere . Nonetheless, the current network is concentrated mainly in Europe and East Asia, while the lack of stations is still clearly visible in the southern hemisphere . Otsubo et al. (2016) showed that we should expect a significant improvement for the X and Y components of the geocenter and the sectorial gravity terms such as C 22 and S 22 by adding a station near the South Pole. Additionally, a station in middle latitudes would also significantly improve the tesseral gravity terms such as C 21 and S 21 . Pavlis and Kuźmicz-Cieślak (2016) showed that the realization of the origin and scale of ITRF can be improved by approximately 50% when the number of well-distributed SLR core stations is increased from 8 to 32. Glaser et al. (2018) simulated local ties between different space geodetic techniques and concluded that excluding just one station, namely Hartebeesthoek, from the combination yields a bias of more than 0.8 mm in the TRF-defining parameters.
The second important limiting factor of the SLR network is the station-specific performance. The great majority of the SLR stations deliver a low number of observations when compared to the most effective stations. 1 Only 12 out of 39 SLR stations exceeded the minimum number of 600 registered passes of LAGEOS satellites in 2017, which was requested by the ILRS Governing Board as the ILRS Pass Performance Standard. Moreover, some stations do not meet the 5-mm short-term and 2-mm long-term bias stability of the ILRS data quality guidelines. The spatial distribution of high-quality SLR observations to LAGEOS satellites is oversampled above Europe and Australian regions. 2 Even when a new well-performing station appears, some time is needed before precise reference coordinates can be assigned to this station allowing for participating in the TRF realization. These features are the major limiting factors in the datum realization of TRF in SLR global solution (Angermann and Müller 2009; Collilieux and Altamimi 2009; Kehm et al. 2018 ).
Terrestrial reference frame realization
The TRF may be realized in a global solution in one of the three ways (Weiss et al. 2017 ): (1) by imposing tight constraints on the positions of a particular set of stations in reference to the a priori values, (2) by estimating all station coordinates with loose constraints, or (3) by imposing minimum constraint conditions (MCs) on the network of stations (Kotsakis 2018) . The ILRS operational products, which are delivered by the individual Analysis Centers (ACs), are loosely constrained to the a priori frame by imposing a loose 1 m constraints on all station coordinates and the equivalent of 1 m constraint for pole coordinates and LoD (Length-of-Day). 3 However, the users who process the ILRS series most commonly use MC approach to realize the TRF in the SLR processing.
Minimum constraint conditions
The MCs are based on the 7-parameter similarity transformation originating from the Helmert transformation. Then, three groups of constraints can be imposed on the realized network Explanation of using minimum constraint conditions. T itranslation in i direction; r i -rotation around i axis; µ-scale; X icoordinates in the a priori reference frame; X i -coordinates in the realized frame in reference to the a priori frame ( Fig. 2) : No-Net-Translation (NNT, three translation constraints), No-Net-Rotation (NNR, three rotation constraints) and No-Net-Scale (NNS, one scale constraint). In general, when station coordinates, EOPs, and orbits are estimated simultaneously in the processing, it is mandatory to apply NNR condition to remove singularities and invert the normal equation matrix (NEQ). The number of required constraints depends on the rank defect in the NEQ of the individual solution. The NNT condition is typically used for the datum definition of global networks with estimating GCC or in regional networks. The NNT condition manipulates the origin of the realized TRF.
Origin of the terrestrial reference frame
The origin of the realized TRF may be aligned to the Earth's Center-of-Mass (CoM) or Earth's Center-of-Figure (CoF). CoM is referred to the satellite dynamics since it points to the natural origin of the satellites' orbit. CoF is defined as a central point of the mathematical figure of the Earth. CoF could coincide with the barycentre of the infinitely dense network of points, which covers the solid Earth surface. Unfortunately, the Earth's figure is represented by a finite network of stations. Thus, it is to introduce a concept of Centerof-Network (CoN). According to Dong et al. (2003) , the realization of the CoF is frankly impossible. In practice, the barycenter of the station network is directly dependent on the global station distribution. Thus, CoN is both variable in time and differs depending on the geodetic space technique used. The NNT condition ensures that the epoch-wise CoN of the realized TRF coincides with the CoN of the a priori TRF. Otherwise, the origin of the TRF, which is realized using satellite techniques, is theoretically CoM. Nonetheless, among the space techniques, only SLR observations to geodetic satellites allow us to realize the CoM frame. In principle, the CoM would be also available in GNSS and DORIS. However, due to the accumulated impact of technique-specific errors and model uncertainties both are able to access 'apparent CoM' rather than the true CoM (Bloßfeld et al. 2014; Zajdel et al. 2019; Rebischung and Garayt 2013) .
Selection of the datum-defining stations
In principle, the MCs can be applied on any set of stations, however, an appropriate selection of datum-defining stations is crucial for the quality of the TRF realization, and hence the accuracy of the estimated parameters (Ray et al. 2017) . Moreover, a global station coverage is essential for an appropriate TRF datum realization. The ILRS recommends using core stations 4 to realize a TRF using MCs. The list of core stations is officially defined by the ILRS Analysis Standing Committee (ASC), considering the quality and stability of the entire set of network sites over several decades. The list of the ILRS core sites is time-variable and depends on the actual performance and reliability of the particular stations. However, using a constant "mean core network" can deteriorate the quality of the estimated frame, if, e.g., a datum station with temporally instable coordinates varies from its reference position (Blewitt 2015; Altamimi et al. 2016) . Coulot et al. (2010) propose an external algorithm to dynamically choose the core sites in each 7-day SLR solution in order to optimize the estimation of ERPs in reference to the ITRF2005. Their results show an improvement of 10% of the stability for Polar Motion (PM) series in comparison with the results obtained with the network prepared by the ILRS ASC. Another approach to optimize the set of core stations in each 7-day solution is to verify the coordinates of the resulted TRF in reference to the a priori frame using a 7-parameter Helmert transformation. Thereby, the a priori frame, e.g., SLRF2014 is assumed to be error-free. The core sites with an RMS of residuals from the Helmert transformation, which exceed an assumed threshold, are rejected from the list of datum-defining stations. This approach is widely used by International GNSS Service (IGS) (Dow et al. 2009 ) ACs in the GNSS processing 5 and some SLR studies (Angermann and Müller 2009; Sośnica 2014; Bloßfeld et al. 2015; Bury et al. 2019a; Drożdżewski and Sośnica 2018) . However, the optimal threshold for station rejection is not yet established. CR for LAGEOS-2 = 1.11; (Sośnica 2014; Hattori and Otsubo 2018) Earth orientation parameters IERS-14-C04 series (a priori), (Bizouard et al. 2018) Reference frame SLRF2014 realization of the ITRF2014 Earth gravity field EGM2008 Ocean tide model CSR4.0A (Eanes 2004) 
Goal of this paper
In this paper, four main problems are taken into consideration:
-How do different minimum constraints in the datum realization affect the station coordinates? -Is it better to determine SLR station coordinates in the CoF or CoM frame? -Can we use 'non-CORE' stations to the datum realization and how does it affect the quality of station coordinates, terrestrial scale, GCC, and ERPs? -What threshold should be taken when choosing datumdefining stations in the TRF datum realization?
Firstly, we compare the quality of station coordinates delivered in the particular solutions. Next, we evaluate the quality of GCC, ERPs and TRF scale estimates. Finally, the summary and conclusions of the results are provided.
Methodology
We prepared a standard 7-day LAGEOS-1/-2 solution based on observations delivered by the ILRS network throughout an 8-year interval between 2010 and 2018. In total, 418 weekly SLR solutions were generated. All computations, which are discussed in this paper, have been prepared using a mod-ified version of the Bernese GNSS Software dedicated to the processing of optical observations. The solutions follow most of the standards of the ILRS ASC solutions used for the operational products. Details of the processing scheme are summarized in Table 1 . Nonetheless, there are some differences in the methodology compared to the standard ILRS solutions, which are routinely prepared by the ILRS ACs. Firstly, a piecewise linear (PWL) parametrization for the ERPs is applied, instead of piecewise constant (PWC) as for the standard ILRS solution. Thaller et al. (2010) indicated that such kind of a parametrization is beneficial for the estimation of ERPs in SLR solution. The main disadvantage of PWC parameterization is that the resulting time series of ERPs have discontinuities at the day boundaries, whereas the orbit is parameterized as a continuous arc over the entire week. In PWL parametrization of the ERPs, all the parameters are continuous throughout the 7-day solution. Moreover, one UT1-UTC value is constrained to the a priori value at the midnight between the third and fourth day of the arc.
In the case of datum definition, we tested different combinations of using NNR and NNT constraints on the selected group of datum-defining stations, instead of 1 m loose constraints (described in Sect. 2.1). Such an approach is parallel to the one used in the ILRS combined product. The following parameters have been estimated: SLR station coordinates, LAGEOS orbit parameters, X and Y pole coordinates, UT1 -UTC, geocenter coordinates and range biases for selected stations (according to the recommendations of the ILRS Data Table 3 Handling File approved by the ILRS ASC). All parameters are estimated with the 7-day interval, except for the ERPs, which are calculated with a daily resolution (see Table 2 ).
Solutions
The analyzed solutions differ mainly in three aspects (Table  3) : (1) the approach for the TRF datum realization, (2) the group of stations, which are considered to be used in the TRF datum realization, (3) the threshold for the Helmert transformation to accept the particular stations in the TRF datum realization.
Weekly TRF solutions are carried out using the two LAGEOS satellites alone. The NEQ has three singularities corresponding to the 3D rotation of the whole frame resulting from the simultaneous estimation of station coordinates, ERPs and orbits. In the solutions named 'NG', only NNR are imposed on the network, which is sufficient to remove singularities and invert the NEQ. Because only the NNR are applied, the origin of the realized TRF is CoM, as transferred from the LAGEOS orbit dynamics. This is unique when compared to the TRF derived from, e.g., GNSS and DORIS, for which the connection to CoM is not as strong as when using direct laser range observations. Therefore, we may say that the TRF in the SLR solutions, which are named 'NG', are purely geocentric. The solutions named 'G' imply that the geocenter vector is estimated as a parameter in the processing. When estimating GCC, the NEQ gains three additional singularities corresponding to the translation of the whole frame. Therefore, we have to impose the minimum NNT constraint on the network. The origin of the estimated station coordinates should then be consistent with the origin of the a priori TRF by definition. The geocenter motion is thus estimated in the 'network shift approach' (Blewitt et al. 1992; Wu et al. 2012) . When simultaneously estimating GCC and imposing NNT, the estimated station coordinates are given in the CoN frame which should be close to the CoF in case of a well-distributed network of stations. The 'NG' solutions are purely minimal constraint solutions. On the other hand, the 'G' solutions are derived from expanding the NEQ in terms of estimating the GCC. The NNT is practically 'artificial minimum constraint' as it is required only to retrieve the geocenter motion in the network shift approach. Finally, in the 'O' solution both NNR and NNT conditions are applied; however, the GCC is not estimated as additional parameters, which results in a pure over-constrained solution. In such an approach, the NNT condition cannot be treated as a minimal constraint. Moreover, the geocenter motion is not handled. Therefore, all parameters, which are estimated in the processing, are affected by the realization approach of the SLR origin, especially ERPs, satellite orbits, and station coordinates. The solution is also affected by the correlations between rotations and translations of the network, especially for the inhomogeneously distributed, sparse global networks (Bloßfeld et al. 2014) .
We tested two groups of solutions with a different list of 'station candidates' for the datum realization. In the 'CORE' group, we consider only stations, which were indicated by the ILRS ASC as core sites in the considered period. According to the ILRS recommendations, Changchun (7237) was considered as a core site 6 for operational solutions but not for the TRF development. Therefore, we excluded Changchun from the 'CORE' group in this study. In the 'ALL' group, all the stations which were involved in the particular 7-day solutions were initially allowed for the TRF datum realization.
The MCs should be imposed on a selected group of the most stable stations only. Therefore, the process of the parameter estimation is performed in two independent iterations. Firstly, we estimate all the parameters, while the MCs are applied to the entire group of datum-defining 'station candidates'. After the first iteration, the resulted station coordinates are iteratively checked using the 7-parameter similarity transformation in reference to the a priori SLRF2014 coordinates. The 'station candidates' are removed one by one, until all the residuals for all stations and all station components are below the selected threshold. Only stations which pass this multi-step outlier rejection procedure are considered as datum-defining in the final parameter estimation. We tested six gradually rising station rejection thresholds of 10, 15, 25, 35, 45, 55 mm, to choose the best set of datum-defining stations and find the optimal processing strategy. The subsequent thresholds refer to the names of the corresponding solutions, which are H10, H15, H25, H35, H45, and H55, respectively. Finally, the solutions named 'NH' assume that no stations are rejected after the first iteration. Table 3 provides the explanation of the acronyms and a short description of each solution.
Station efficiency

Collected dataset
First, we analyzed the number of normal points, which were delivered by the SLR stations in the considered period. Figure  3 shows the number of normal points collected by the SLR stations after the residual screening. In total, 638,026 normal points to LAGEOS-1 and 567,401 to LAGEOS-2 were taken into account. The mean number of observations to LAGEOS-2 is at a comparable level to the number of observations to LAGEOS-1, i.e., on average 3000 normal points available in each weekly solution. However, more observations were gathered in the period 2011-2013, than in successive years. This fact is caused by the continuously increasing list of the satellite targets which are supported by the ILRS and recent (7080). The productivity of the ILRS network depends on many factors. The stations have different cloud cover conditions due to the varied geographical locations. Moreover, stations operate at different levels of technology and operational regimes. Figure 4 illustrates the number of normal points delivered by the particular stations in the subsequent years.
In 2015 (7405), San Fernando (7824) or Riyadh (7832).
Station suitability for the TRF datum realization
We analyze two groups of 'station candidates' as well as six thresholds for outlying stations detection (see Table 3 ). Both aspects manipulate the distribution and the number of datum-defining stations. When using a different group of datum-defining stations, one should expect differences in terms of the shift of the network barycenter (i.e., CoN) in reference to the a priori TRF origin. This change has a direct impact on the quality of the estimated global geode- Figure 5 illustrates the number of stations which participated in the TRF datum realization in each 7-day solution. From 41 stations, which observed LAGEOS-1/-2 in the analyzed period, only 12 were considered by the ILRS as 'core' SLR sites. However, the median number of core sites which were available for the solution is only 9. On the other hand, the number of stations, which deliver observations in particular 7-day solutions, does not exceed 30, while the median is at the level of 23 stations. We tried to see whether any stations outside the list of core sites are suitable for the datum definition. Table 4 shows the median number of accepted stations for the TRF datum realization in particular solutions. We can even double the number of accepted stations when 'ALL' available stations are considered for the TRF datum realization. Even when the very rigorous threshold is applied, e.g., ALL (H15), the median number of accepted stations is increased only by 2 stations with respect to CORE (H15) solution (see Table 4 ). Figure 6 shows the percentage of the epochs when particular stations have been accepted to participate in the datum realization in reference to their overall efficiency. In the group of CORE solutions, we see that there is only a limited number of epochs when particular core stations were rejected from the TRF datum realization. These stations were accepted even when 10 mm threshold is applied, hence proves that they are (7237) are biased because of inferior a priori station coordinates and several device issues at the station (Zajdel et al. 2017; Sośnica et al. 2019) . Thus, it is regularly rejected and its positive impact on the TRF datum realization is questionable despite high productivity. The same applies to most of the Russian stations ('18' prefix in station numeration), which were not considered in the ITRF2014 realization or contributed with a very short observation period. The Wettzell WLRS station (8834) is rejected from the list of core sites since the middle of 2009, even though it was accepted for the TRF datum realization in most cases (see Figs. 6, 7) . The Wettzell SOS-W station (7827) also has been performing very well since 2016, with the 99% of accepted occurrences in the ALL (H25) solution. The stations 7403 (Arequipa, Peru), 7405 (Concepcion, Chile, inactive since 2014), 7308 (Koganei, Japan) and 7358 (Tanegashima, Japan) have never been accepted for datum realization, which is caused by the issues in the a priori station coordinates including nonlinear postseismic deformations, 8 inferior quality of the observations or the necessity of solving for range biases which affects the estimated station coordinates, i.e., 7403 (Arequipa, Peru) and 7308 (Koganei, Japan). Apart from the very good performance of McDonald (7080) (see Fig. 6 ), it stopped delivering a large number of observations after the telescope change in August 2015. Since then, McDonald has not been accepted for TRF datum realization any more ( Fig. 7) .
Results
Station coordinates
We examine the differences in the quality of station coordinates delivered from the particular solutions using coordinate repeatability as the quality indicator. Three main aspects directly connected with the TRF datum realization are analyzed: (1) the impact of using a different set of MCs, (2) the impact of using a different set of 'station candidates' for TRF datum realization and (3) the impact of using a different thresholds for the selection of datum-defining stations.
Impact of the TRF datum realization approach on the station coordinates
First, we tested the differences between the solutions which employ only the NNR constraint (solutions 'NG') compared to the solutions which employ both NNR and NNT constraints (solutions 'G' and 'O', see Table 3 ). Station coordinates in the solutions 'NG' are shifted w.r.t. solutions 'G' by the GCC as seen by SLR. The additional NNT constraint imposed on the network makes the estimated station coordinates consistent in origin with the a priori TRF. We should then expect the decrease in the SCR when using NNT because no geocenter motion is included in the signal of station coordinate time series (see Fig. 8a ) as opposed to the 'NG' where the station coordinates include the geocenter signal and purely reflects a CoM frame. Figure 8c shows also the difference between the CORE-G (H25) and CORE-O (H25). In both solutions, the same set of MCs is applied to the network; however, the GCC is estimated as additional parameters only in the solution 'G'. As we see, both solutions Fig. 7 Suitability of the particular stations for the TRF datum realization in each weekly solution based on the solution ALL (H25). Blue color indicates that the station was accepted, while red color indicates that the station was rejected from the TRF datum realization. Stations are sorted with the same regime as for Fig. 6 . The "C_" prefix denotes core sites based on the ILRS recommendations Coordinate repeatability for twenty best-performing stations in selected solutions, decomposed into the North, East and, Up components. The color bars without edges represent the 'NG' solution (NNR-only; GCC not estimated), while the shadow bar with edges represents the corresponding 'G' solution (NNR+NNT; GCC estimated). The "C_" prefix denotes core sites based on the ILRS recommendations roughly correspond to each other. However, the SCR is worse at the sub-millimeter level in CORE-O (H25) when compared to CORE-G (H25). If we over-constrain the solution and do not estimate the GCC as a parameter, we influence the estimated station coordinates. The translation of the origin of the CORE-O (H25) w.r.t the CORE-G (H25) remains well below 1 mm. However, the RMS of the similarity transformation is at the level of 4.0 ± 2.8 mm. Now, we discuss the differences between the solutions 'NG' and 'G'. Figure 9 shows the station coordinate repeatability (SCR) of 20 most effective SLR sites, decomposed into the North, East and Up components for particular solutions. Figure 10 shows the aggregated statistics of SCR for the selected solutions, while the numerical data for Fig. 10 are summarized in Table 5 .
In general, the median decrease of SCR when compared CORE-G (H25) with CORE-NG (H25) is at the level of 3%, 1% and 5% for the North, East and Up components, respectively (see Fig. 9 ). On the other hand, the decrease of SCR is slightly better when compared ALL-G (H25) with ALL-NG (H25) and equals 4%, 1% and 6% for the North, East and Up components. The improvement of SCR is considerably larger for the SLR stations which participated in the TRF datum realization. If we limit the consideration to the ILRS core sites only, the decrease of SCR is at the level of 11%, 8%, and 21%, for the North, East and Up components, respectively, when comparing CORE-G (H25) with CORE-NG (H25). In the case of the 'ALL' solutions, the particular stations were occasionally accepted for TRF datum realization, e.g., 7110 or 7237. Thus, the reduction of SCR between ALL-G (H25) and ALL-NG (H25) is more spread over all the stations. The reduction of SCR for the ILRS core sites is lower than for the 'CORE' solution and remains at the level of 7%, 2%, and 16%, for the North, East and Up component, respectively. In summary, when we use more stations for the TRF datum realization, Fig. 10 Boxplots of the summarized station coordinate repeatabilities for the particular solutions, decomposed into North (N), East (E) and Up (U) components the reduction of SCR is lower but for the wider group of stations. Moreover, the greatest decrease is visible for the Up component compared to the North and East components.
However, there are no differences in the repeatability of the 'Up' coordinate components between the particular solutions, when only the NNR constraints are imposed on the network (see Fig. 9 and Table 5 ). The 'NG' solutions differ only in the set of datum-defining stations. The whole network is only rotated, but neither rescaled nor translated. Therefore, it is naturally expected that the change in a set of stations used for NNR constraints has no impact on the station heights in NNR-only solutions.
Impact of the threshold on the station coordinates
For each solution, we checked what is the impact on SCR when changing the threshold for the selection of datumdefining stations. The improvement is significant between solutions without station rejection 'NH' and other solutions which apply a threshold for outlying station rejection. When using the robust station selection for the datum definition, i.e., solution CORE-G (H25), we improve the SCR by 8%, 4%, and 6%, for North, East and Up coordinates, respectively, when compared to the CORE-G (NH) solution. That clearly emphasizes that the list of datum-defining stations has to be filtered from the epoch-wise blunders, which spoil the quality of the certain 7-day solutions. Figure 8b shows the repeatability of the coordinates which is almost the same between the solutions 'NH' and 'H25', apart from the single epochs where an outlying station has probably participated in the TRF datum realization. This is particularly important for the group of 'ALL' solutions which permits more unreliable stations for the TRF datum realization. The gradual improvement is visible when the threshold is getting smaller. By the example of the CORE-G (H55) in reference to the CORE-G (H10) solution, the inter-quartile range (IQR) of the SCR changes from 11.4 to 10.4 mm, from 12.2 to 11.4 mm, and from 13.0 to 12.6 mm for the North, East, and Up components, respectively. 
Impact of using all available stations instead of core sites on the station coordinates
We checked what is the impact of using different groups of datum-defining stations. We consider all possible stations for the datum definition instead of only stations, which are included in the ILRS list of core stations. The effect on the SCR depends on the threshold which is used to detect outlying stations and on the approach of the TRF datum realization in the solution. When using a more rigid threshold for 'ALL' solutions (up to 25 mm), the SCR remains at a comparable level to the 'CORE' solutions, while the TRF realization is more robust because of the higher number of stations and a better geometry. By the example of CORE-G (H25) w.r.t. the ALL-G (H25) solution the IQR of the SCR changes from 10.9 to 11.4 mm, 11.7 to 11.8 mm and 12.8 to 13.1 mm, for the North, East and Up components, respectively. Thus, when the outlier rejection for the datum-defining stations is performed with a threshold of about 25 mm, there is no need to define a list of core stations. All stations that pass the outlier rejection criterion can be considered as datum-defining without degradation of the SCR.
Impact of station productivity on the station coordinate quality
As described in Sect. 2, the selection process of datumdefining stations is based on the Helmert transformation. Only stations whose coordinate residuals do not exceed the assumed threshold are considered as datum-defining in the final parameter estimation. We checked whether the number of delivered normal points is connected with the residuals of station coordinates from the Helmert transformation. Figure 11 illustrates the residuals for particular SLR stations as the function of the number of normal points delivered by stations in the weekly solutions. According to Fig. 11 , the more observations delivered by stations in the weekly solution the higher the quality of the estimated coordinates. In general, 50 normal points per week are sufficient to deliver the coordinates, whose residuals w.r.t. the SLRF2014 are lower than 10 mm for all components. In total, 150 normal points lead to solutions with the median coordinate residuals below 5 mm for all components. After exceeding the value of 400 observations, the median residuals are at the level of 2-4 mm.
Most of the stations try to deliver as many observations as possible. On the other hand, there are many other circumstances which determine the quality of the delivered station coordinates and are station-specific. These include technol- CORE-G (H35) 1.9 0.9 0.5 5.5 2 .0 0.9 0.4 6.5 2 .7 1.6 0.6 6.9 9 CORE-G (H25) 1.7 0.9 0.5 4.5 1 .5 0.9 0.4 5.0 2 .5 1.6 0.6 6.0 9 CORE-G 'STD' denotes the standard deviation of the GCC residuals in reference to its 63-day averaged signal; 'IQR' denotes the inter-quartile range of GCC formal errors. '50%' denotes the median value of GCC formal errors. 'Perc' denotes the percentage of epochs when the formal error exceed 2.5 mm ogy employed at the station (including the repetition rate), the geometry of the observations, models used for a normal point formation, and all systematic errors related to the station operation. The spread of the residual dots (see Fig. 11 ) in the range between 10-100 normal points goes from 0 to a few hundred mm, which shows that the station-specific issues are complex.
Impact on the geocenter coordinates
One of the main objectives of the ILRS is to analyze the changes of Earth's CoM relative to the global network and its time variations. The vector between CoM of the whole Earth system including all solid and fluid components and CoF of the solid Earth surface represented by the globally distributed set of stations is defined as the GCC (Blewitt 2003; Wu et al. 2012 ). However, the CoF is hardly available using the finite network of stations. Thus, the discussed GCC is more likely addressed to the CoN rather than CoF, especially when an inhomogeneously distributed network of stations is employed in the solution. Couhert et al. (2018) indicated almost a 5 mm shift along with the X component of the GCC between SLR and DORIS solutions. On the other hand, Zajdel et al. (2019) found a network effect revealing a shift of 4 mm in the origin along the Y-axis between GNSS and SLR solutions. The estimation of the reliable GCC from SLR is crucial to deliver information about the mass change in the system Earth to the other techniques which are less sensitive to the geocenter motion, i.e., satellite altimetry, GNSS, or to support the GRACE-derived gravity field variations (Baur et al. 2013) . We calculate the 63-day mean values for each component of the geocenter coordinates to smooth the time series and separate the pronounced signals from the noise. Next, we compare the residuals of the particular solutions w.r.t. the 63day mean to see the variability of the particular estimates in reference to the main signal (see Fig. 12 ). In both 'ALL' and 'CORE' solutions, the lowest standard deviation of residuals occurs when the threshold of 25 mm is applied (see Table 6 ). The standard deviation of residuals is also consistent for CORE-G (H25) and ALL-G (H25) and equals approximately 1.7, 1.5, and 2.5 mm for the X, Y, and Z components, respectively. The time series of GCC, which are computed in every solution, corresponds to each other (see Fig. 12 ), especially before 2014 when the SLRF2014 was used as the a priori TRF in the processing. SLR station coordinates after 2014 are based on the extrapolation, thus worsen with time, especially in the case of stations with a short history of the coordinate time series 9 (e.g., Mendeleevo, 1874; Brasilia, 7407) . Moreover, stations with unexpected nonlinear events in the station motion affect the geocenter estimates. Interestingly, the time series of the X component of the GCC in both ALL-G (H55) and ALL-G (H25) solutions start to systematically diverge from the 'CORE' solutions after 2015. These changes may result from the fact that more stations with uncertain quality were accepted in the datum realiza- tion (see Fig. 12 ). The differences are also visible in the time series of formal errors (see Fig. 13 ). In general, the median errors are at the comparable level between the solutions (see Table 6 ). The median error equals approximately 1.0, 1.0 and 1.6 mm, for the X, Y and Z component, respectively.
Using more stations does not decrease the formal error of estimated geocenter coordinates (see Table 6 ). However, there are different epochs with increased values of formal errors of geocenter estimation (see Fig. 13 ) which are caused by the inappropriate geometry of datum-defining stations or a bad coordinate solution for a particular station that was accepted for the TRF datum realization. We calculated the percentage of epochs when the formal error of the particular geocenter components exceeds the threshold of 2.5 mm. In general, the more rigorous threshold for the selection of datum-defining stations, the fewer epochs when formal errors drastically increase. In the 'CORE' group, the number of outlying epochs decreases from 13.2 to 1.2%, 13.6 to 2.9%, 15.1 to 3.3% from 'NH' to 'H10' for the X, Y, and Z component, respectively. In 'ALL' group, the number of outlying epochs decreases from 39.0 to 4.5%, 41.4 to 3.1%, 49.8 to 7.2%, respectively. For 'ALL' solutions, we have to apply the threshold of 15-25 mm to receive a comparable percentage level of outlying epochs as for the CORE-G (H55) solution.
The amplitudes of the most pronounced annual signal in the GCC estimates differ between the particular solutions. The amplitude of the annual signal in ALL-G (H25) (17 stations) is higher by 1.0 and 0.2 mm for the Y and Z components, respectively, when compared to CORE-G (H25) (9 stations) (see Fig. 12 ). On the other hand, the amplitude of the annual signal for the X component is lower by about 1.0 mm in ALL-G (H25) than in CORE-G (H25). In both solutions, the GCC are not estimated
Impact on Earth rotation parameters
The TRF datum realization is essential for the high quality of the ERP estimates. First of all, it is crucial to underline the expected differences between the ERP estimates derived from the solutions 'NG', 'G', and 'O'. There is no difference between the ERP estimates in the solutions 'NG' and 'G' in which station coordinates are expressed in different frames (CoM or CoN) shifted by the GCC, whereas the satellite orbits and other parameters are equal (see Sects. 3.1 and 2.1). On the other hand, the differences are expected between the solutions 'NG' and 'O', because of the correlations that exist between the rotations and translations of a nonuniformly distributed network and over-constraining of the solution 'O'. The 'O' solution suppresses geocenter motion that must be distributed among all estimated parameters except for station coordinates because of NNT. Therefore, only solutions which are based on the 'NG' and 'O' approaches are described in this section. Table 7 summarizes the statistics of differences between the pole coordinate estimates derived in the 'NG' and 'O' solutions. The IQR of differences are greater than 60 and 80 µas for the X and Y pole coordinate, respectively. These results are higher than those indicated by Ray et al. (2017) and Zajdel et al. (2019) for GNSS solutions. The large differences confirm the presumption that in the case of an inhomogeneously distributed set of the datum-defining stations the ERPs are strongly affected. The difference between the particular solutions decreases when the outlying stations are properly rejected from the TRF datum realization. The IQR of the X pole coordinate differences ranges from 770 to 65 µas for CORE (NH) and CORE (H25) (see Table 7 ). In the case of the Y pole coordinates, the differences decrease from 179 to 83 µas for CORE (NH) and CORE (H25). Table 8 shows the mean offset and weighted root mean square (WRMS) of the pole coordinates and LoD estimates in reference to the a priori IERS-14-C04 series (Bizouard et al. 2018) . The WRMS values are calculated based on equation 1, where x i I E RS − x i represent the difference between the estimated ERP parameter at the epoch i and the corresponding value from the IERS-14-C04 time series, and w i is the weight for the particular element, which is calculated as the squared inverse of the parameter formal error.
In both groups of 'CORE' and 'ALL' solutions, the results for 'NH' have the worst quality (see Table 8 ). The first issue visible in the time series of the pole coordinates is the leap in the values, which occurred approximately at the end of 2015 (see Fig. 14) . The leap equals to approximately 200 µas and −100 µas, for the X pole and Y pole coordinates, respectively. The leap is also visible in the time series of ERP delivered by the particular ACs 10 or Associated ACs (Otsubo et al. 2018) . The change in the pole coordinates corresponds with the drop in the efficiency of the McDonald (7080, USA) station. Hence, the lack of the homogeneously distributed stations and observations affects the ERP estimates.
There are no significant differences in the statistics between the particular solutions within the group of the 'CORE' solutions because only single stations were occasionally rejected and the geometry is consistent between the solutions. Furthermore, when we properly reject the outlying stations in the ALL-NG (H25) solution, the statistics of the differences roughly correspond to each other in the 'CORE' and 'ALL' solutions (see Table 8 ). The mean offset is at the level of 30 and 80 µas for the X and Y pole coordinates, respectively. Drożdżewski et al. (2019) found that 20 µas of the offset in the X and Y pole coordinates can be explained by neglecting horizontal gradients in the troposphere delay modeling in the SLR processing. Besides, WRMS is at the level of 160-180 µas for the both X and Y pole coordinates. In the case of the LoD, the mean offset and the WRMS equal −80 and 120 µs/day. Because of the PWL parametrization and rigid constraining for the middle UT1-UTC value, there are almost no differences between the particular solutions in the case of the LoD estimates.
The differences are visible for the solutions within the group of ALL-NG solutions. When the quite loose threshold is applied for the rejection of datum-defining stations, e.g., ALL-NG (H45) the mean offset of the X pole coordinate w.r.t the IERS-14-C04 reaches 0 µas. The quality of the ERPs is sensitive to the global distribution of the datum-defining network, and the continuity of the observations in time. This is why the GNSS technique, with a homogeneously distributed network of stations, is the most appropriate for this purpose, among the other geodetic techniques. Using more SLR stations in the TRF datum realization improves the distribution of the stations and therefore the mean offset w.r.t. the IERS-14-C04 also decreases.
Finally, both CORE-NG and CORE-O are consistent w.r.t. the IERS-14-C04 at the comparable level. In the case of the CORE-O (H25) solution, the mean offset and WRMS equal 36 and 156 µas, 57 and 159 µas, -85 and 120 µs/day, for the X and Y pole coordinates and LoD, respectively. We see that the statistics are superior in the over-constained CORE-O (H25) when compared with CORE-NG (H25). The greatest improvement is visible for the mean offset of the Y pole coordinate as it decreases by approximately 25 µas between the corresponding CORE-O and CORE-NG solutions, although the same set of datum-defining stations were taken into account. However, we have to be aware of the processing details, which probably cause these changes. In the solution 'O', the geocenter motion is ignored and improp-10 http://geodesy.jcet.umbc.edu/ILRS_AWG_MONITORING/. In such a processing model, we assume that the origin of the TRF and the Earth CoM as seen by satellite orbits coincide in the same point . The geocenter signal is suppressed and then partly spread over station coordinates, ERPs and LAGEOS orbits, and increases the observational residuals. Thus, we may conclude that the solution 'O' is conceptually wrong for the precise orbit determination and the SLR datum realization.
Impact on the terrestrial scale
The terrestrial scale is one of the major products delivered from the SLR observations to LAGEOS-1 and LAGEOS-2. This test shows how the change of the station distribution, which participate in the TRF datum realization, affects the quality of the scale realization. Figure 15 illustrates the time series of weekly scale estimates delivered from particular solutions. The scale is compared to the SLRF2014. The SLRF2014 scale is consistent with the ITRF2014 scale which is based on the combination of long-term SLR and VLBI solutions. Some SLR stations are affected by biases which are currently investigated by the ILRS; thus, a bias in the scale from this study is also present in the estimates. Figure 16 shows the summarized statistics, including the mean, WRMS, and standard deviations. We can interpret the standard deviation and WRMS as the indicators of the param- Fig. 16 , we see that all the solutions are roughly consistent, which proves that the scale estimates, which are delivered from the group of 'ALL' solutions are of good quality, even despite using stations which are not as reliable as the core sites. The WRMS is at the level of 5.8 mm for both CORE-NG (H25) and ALL-NG (H25) solutions. However, when outlying stations are not rejected from the TRF datum realization, such as in CORE-NG (NH), single epochs are deteriorated. The standard deviation for the solution CORE-NH is more than three times larger than for the solution CORE-NG (H25) (Fig. 16) . The mean offset is at the level of 5 mm for all the solutions. However, the scale estimates systematically increase after 2014, independently from the solutions based on 'CORE' and 'ALL' groups of SLR stations. The linear change of the scale after 2014 is a consequence of the aging of the current a priori TRF. Moreover, the SLR stations with a short time series of the coordinates in the SLRF2014 are condemned to the lower quality of a priori coordinates. The mean offset at the level of 5 mm is also caused by the station satellitespecific range biases 11 and the Blue-Sky effect caused by neglected atmospheric loading station displacements (Bury et al. 2019b ).
Distribution of stations in the TRF datum realization
Finally, we investigate the impact of the network effect in the TRF datum realization on ERPs and GCC estimates. We prepare an additional solution marked as CONA-G (H25), which is consistent in methodology with CORE-G (H25); however, the Australian stations (7090, Yarragadee and 7825, Mount Stromlo) are exempted from the TRF datum realization. Hence, the TRF is based mostly on the European stations, while the southern hemisphere representation is limited to the station 7501 (Hartebeesthoek, South Africa), whereas coordinates of Australian stations are estimated as free parameters without any constraints. First, we have calculated the differences between the GCC delivered in the CONA-G (H25) and CORE-G (H25) solutions (see Fig. 17 ). The mean and the standard deviation of the residuals are at the level of 4±9, 4±9 and 3±6 mm for the 11 https://ilrs.cddis.eosdis.nasa.gov/docs/2016/asc_pp_bias.pdf. X, Y, and Z components, respectively. The main geophysical annual signal is also decreased by approximately 2.2 mm for the GCC-Y component. Surprisingly, the Z component of the GCC is the least affected. The information on the geocenter motion signal is in general well reconstructed despite the deficiency of datum-defining stations in the southern hemisphere. On the other hand, the reliability of the GCC parameters deteriorates as the median errors increase by about 0.5, 0.8 and 0.2 mm for the X, Y and Z components, respectively. The percentage of epochs with the outlying formal errors, which exceed 2.5 mm, increases from 4 to 19%, 5 to 25%, and 6 to 20% for the X, Y, and Z component, respectively.
In the case of ERPs, we compare two aforementioned solutions between each other and with the a priori IERS-14-C04 series. The differences between the ERPs are mainly visible for the pole coordinates, hence the LoD parameter is not shown here. The mean and the standard deviation of the differences between 'CORE' and 'CONA' solutions equal 27 ± 401 and 68 ± 302 µas, for the X and Y coordinates, respectively (see Fig. 18 ). When compared with the IERS-14-C04 series, the mean offset and the standard deviation increase for 'CONA' w.r.t 'CORE' solution from 31 ± 164 to 58 ± 452 µas and from 82 ± 172 to 150 ± 354 µas for the X and Y pole coordinates, respectively (see Table 9 ). This shows that the distribution of the stations in the TRF datum realization substantially affects the quality of the SLR-based products, especially the pole coordinates.
Conclusions
In response to the four main questions raised in the motivation part of this work, a series of analyses have been conducted. We showed differences in the station coordinates, the scale of the realized TRF, ERPs and GCC which may arise from using different approaches of the TRF datum realization and the selection of datum sites.
The ILRS recommends using most stable core sites for the TRF realization in the SLR processing. We tried to find out if any stations outside the list of core sites are suitable for the TRF datum realization. All the stations, which are currently classified as core stations by the ILRS, were very stable over time. According to the station selection algorithm, which was based on the Helmert transformation, we found that some of the stations such as 7827 (SOS-W Wettzell, Germany), 7110 (Monument Peak, USA), 7237 (Changchun, China), 8834 (WLRS Wettzell, Germany), 7845 (Grasse, France), 7124 (Tahiti, French Polynesia), 7406 (San Juan, Argentina), 1888 (Svetloe, Russia), and 1890 (Badary, Russia) were accepted for the TRF datum realization in more than 80% of their occurrences when a 25 mm threshold was applied for stationoutlier selection.
Next, we checked three different approaches to the TRF realization using MCs: (1) applying only NNR conditions, while the GCC are constrained to zero (solutions 'NG'), (2) applying both NNR+NNT and the simultaneous estimation of the GCC (solutions 'G'), (3) applying both NNR+NNT, while the GCC are constrained to zero (solutions 'O'). Using NNR+NNT constraints instead of NNR-only decreases the SCR because the geocenter motion is not included in the station coordinates. Looking at the individual stations, the improvement is larger for those stations, which participated in the TRF datum realization, than for the other stations. Furthermore, the impact is more visible for the Up compo-nent when compared to the North and East, components. By the example of CORE (H25) solution, the improvement of SCR for core sites is at the level of 11%, 8%, and 20%, for the North, East and Up components, respectively. On the other hand, we have to be aware that the increased SCR in the NNR solution inherently originates from the signal of the geocenter motion included in the station coordinates. Besides, the SLR observations to the geodetic satellites are undoubtedly predisposed to deliver station coordinates in CoM frame. In terms of the comparison between the 'G' and 'O' solutions, we see that they roughly correspond to each other. If we over-constrain the solution and do not estimate the GCC as a parameter, we influence the station coordinates and increase the a posteriori RMS of unit weight by up to a few percents. The translation of the origin of the CORE-O (H25) w.r.t the CORE-G (H25) remains well below 1 mm. However, the RMS of the Helmert transformation is at the level of 4.0 ± 2.8 mm. On the other hand, the difference between 'O' and 'G' solution is visible for the ERP estimates. Depending on the adopted set of datumdefining stations, the IQR of differences are greater than 60 and 80 µas for the X and Y pole coordinates, respectively.
We found that about 50 normal points per week per station are needed to deliver station coordinates with the accuracy better than 10 mm for the North, East and Up components. 150 normal points lead to solutions with the median coordinate residuals below 5 mm, whereas for 400 observations the median is about 2-4 mm. Therefore, the high productivity of SLR stations is indispensable for the high-quality TRF datum realizations.
We can even double the number of the datum-defining stations in the TRF datum realization when using all available SLR stations instead of only 'CORE' stations. However, outlying stations have to be eliminated from the TRF datum realization, for example, using a more rigid threshold while testing the stations employing the Helmert transformation. Otherwise, using unreliable stations could worsen the TRF datum realization and the quality of other parameters being estimated. For the 'ALL' solution, we can deliver the station coordinates with the quality at the comparable level to that of the 'CORE' solutions, when the sufficiently restrictive threshold is applied. The 25 mm threshold is considered to be optimal to both eliminate the epoch-wise temporal deviations in the SLR-based products and not to decrease the number of datum-defining stations. By the example of CORE-G (H25) w.r.t. the ALL-G (H25) solution the IQR of the SCR changes from 10.9 to 11.4 mm, 11.7 to 11.8 mm and 12.8 to 13.1 mm, for the North, East and Up components, respectively. Moreover, whichever alternative solution is chosen, the leap in the time series of the pole coordinates is visible at the end of 2015. The leap roughly corresponds to a decrease in the efficiency of the 7080 stations (McDonald, USA), which could undermine the distribution of well-performing sites in North America and affect the estimates of the pole coordinates. Because of the limited number of both well-performing and stable in time SLR sites, losing a single core site in the strategic areas may thus deteriorate the SLR-based products. To investigate the impact of the station loss in the TRF datum realization, we tested what would happen if we exclude two Australian stations (i.e., 7090 and 7825) from the TRF datum realization. The quality of the ERPs and the GCC delivered in that approach is of much worse quality than in the corresponding 'CORE' solution, e.g., WRMS of the X pole coordinate increased from 164 to 452 µas. Using a welldistributed set of datum-defining SLR sites is thus crucial.
Employing all available sites, instead of the ILRS core stations only, may slightly improve the quality of the SLRderived products. However, there is a need for a better quality of the a priori coordinates for new SLR stations in SLRF. The new realization of the ITRF should improve the quality for the most of the stations, then the experiment could be repeated and extended. In this contribution, SLRF2014 frame was only used as the a priori TRF. However, the analyses could be extended to examine the differences when other realizations of the ITRS are used, i.e., DTRF2014 (Seitz et al. 2016 ) or JTRF2014 (Abbondanza et al. 2017 . That would allow for investigating the quality of ERPs and GCC in different TRFs.
